The analysis of 12 earthquakes of magnitudes between 1.7 and 3.7 that occurred in 2008 in West Bohemia, Czech Republic reveals that shear rupturing along a fault is accompanied by weak tensile vibrations of the fault. The vibrations are of a narrow frequency band with frequencies distinctly higher than those of shear rupturing. The tensile vibrations decay slowly in time and often resemble resonant waves. They complicate the radiated P waveforms and the P-wave radiation pattern. The tensile vibrations can be observed in waveforms in directions near the nodal lines where the dominance of shear-faulting radiation is lost. The tensile vibrations are probably generated by opening of the fault during shear rupturing or by creating a wing tensile crack at the tip of the fault when shear fracturing stops.
I N T RO D U C T I O N
High-frequency complex waveforms radiated by an earthquake source are usually attributed to complex slip and rupture histories caused by heterogeneities on a fault or by complex fault geometry (Aki 1984; Kikuchi & Kanamori 1984; Lay & Wallace 1995) . The fault heterogeneities or irregularities cause abrupt changes of shear rupture velocity resulting in radiation of high-frequency waves (Spudich & Frazer 1984; Madariaga et al. 2006) . The frequency of waves is further affected by the directivity of the earthquake source, manifested by a varying width of the source-time function in dependence on the angle between the directions of radiation and rupture propagation. These effects are mostly observed for large earthquakes (Cohee & Beroza 1994; Wald 1996; Zeng & Chen 2001; Lay et al. 2005; Konca et al. 2010) , but some studies using dense local seismic networks reveal similar behaviour of waves also in moderate or small earthquakes (Mori 1996; Boatwright 2007; Frez et al. 2010; Seekins & Boatwright 2010) .
Another effect which might contribute to the complexity of the source process and of the radiated waves is the time-dependent deviation of slip from the fault caused by the presence of tensile motions during rupturing. This type of faulting is commonly overlooked even though the occurrence of earthquakes combining shear and tensile motions has been reported (Ross et al. 1996; Vavryčuk 2002; Foulger et al. 2004) . They are detected by non-double-couple (non-DC) components in full moment tensors (Frohlich 1994; Julian et al. 1997 Julian et al. , 1998 Miller et al. 1998) and mostly associated with the presence of high-fluid pressure in the source region. So far, the source models incorporating tensile motions are very simple. They either study the source process in the low-frequency limit or assume a common sheartensile source-time function (Dufumier & Rivera 1997; Vavryčuk 2001) .
The aim of this paper is to study tensile motions during earthquake rupturing in 12 earthquakes with magnitudes of 1.6 to 3.7 that occurred in West Bohemia, Czech Republic, in 2008 (Fischer et al. 2010) . It is shown that tensile motions are present during rupturing having different frequency and duration than shear motions and that they significantly affect the radiated waves.
T H E 0 0 8 W E S T B O H E M I A E A RT H Q UA K E S WA R M
The West Bohemia/Vogtland region, the border area between the Czech Republic and Germany, is the most seismically active region in the Bohemian Massif (Babuška et al. 2007 ). Active tectonics is manifested by numerous mineral springs, emanations of CO 2 , presence of Tertiary or Quaternary volcanism, and by persistent seismic activity with frequent occurrence of earthquake swarms. The most prominent earthquake swarms occurred recently in 1985/86 (Vavryčuk 1993 ), in 1997 (Vavryčuk 2002 and in 2000 (Fischer 2003; Fischer & Horálek 2003) . Their duration was between 2 weeks to 2 months and the activity was focused typically at depths ranging from 7 to 12 km. The strongest instrumentally recorded earthquake was the M 4.6 earthquake on 1985 December 21. The last extensive earthquake swarm occurred in October 2008 (Fischer et al. 2010) .
The 2008 earthquake swarm lasted for 4 weeks and involved about 25.000 microearthquakes with magnitude higher than −0.5. Nine earthquakes reached magnitude higher than 3.0. The largest earthquake had a magnitude of 3.7. The epicentres formed a 4 km long cluster striking N170
• E. The hypocentres were located at depths of 7.5-11.0 km. The swarm was recorded by 22 three-component short-period seismic West Bohemia Network (WEBNET) stations (Fig. 1) surrounding the swarm epicentres (Fischer et al. 2010) . The sampling frequency was 250 Hz and the frequency band was flat from 0.5-1.0 to 60-80 Hz depending on the seismometer and the acquisition system used. The epicentral distance of all stations is less than 30 km. Since the earthquakes were recorded by many stations with excellent focal sphere coverage, the data provide a unique opportunity to retrieve focal mechanisms and other source parameters very accurately. The focal mechanisms are basically of two types (Vavryčuk 2011) . The majority of events are mostly oblique left-lateral strike slips with one of the nodal lines being oriented nearly in the N-S direction with a strike of 169
• . This direction coincides well with the fault plane mapped from the clustering of hypocentres. A small portion of events display oblique right-lateral strike-slip mechanisms with an activated fault in the WNW direction with a strike of 304
• . This fault is well manifested on the Earth's surface. The maximum compressive stress determined from the focal mechanisms has an azimuth of N146
• E (Vavryčuk 2011).
ANALYSIS OF P WAV E F O R M S
We analyse 12 earthquakes in the magnitude range from 1.6 to 3.7. The hypocentres are concentrated in a small area (see Fig. 1 , Table 1) at depths between 7.6 km to 10.8 km. The velocity records were filtered by the bandpass filter with corner frequencies of 1 Hz and 35 Hz. This removed the low-and high-frequency seismic noise in the data and increased the signal-to-noise ratio.
Observations of waveform complexity
The seismic records display a considerably variable complexity of the P waveforms at stations. This is visible, in particular, for the strongest earthquakes with magnitudes 3 or higher. Fig. 2 shows records at six stations for an earthquake with a magnitude of 3.7. The black and red lines show records with simple and complex P waveforms, respectively.
The simple P waveforms consist typically of a dominant lowfrequency pulse. After the pulse, the amplitudes decay very fast. Sometimes, the pulse is not single but can be split reflecting complex rupture history. This case is easily identified because the complexity in the P waveform is replicated in the S waveform as well.
The complex P waveforms are typically of longer duration than simple P waveforms and with slow amplitude decay in time. They are more high-frequency and sometimes resemble resonant waves. Interestingly, this complexity of P waveforms is not replicated in the S waveforms. The high frequencies present in the complex P waveforms are missing in the S waveforms.
Waveform complexity as noise or path effect
A straightforward explanation of the differences in the complexity of P waveforms is the presence of seismic noise in records, site effects generated by the complex inhomogeneous structure under each station or the scattering of waves at small-scale 1406 V. Vavryčuk   Table 1 . List of events. ID is the identification of the event, M L is the local magnitude, M 0 is the scalar seismic moment. The strike, dip and rake angles define the low-frequency focal mechanisms. inhomogeneities in the crust (Takemura et al. 2009 ). For example, waves scattered at a shallow subsurface structure can generate differentially complex P waveforms at stations. However, neither the presence of seismic noise nor path effects fit our observations. First, all analysed waveforms including stations close to nodal lines have a high signal-to-noise ratio so that the complexity in the P waveforms cannot be affected by seismic noise. Secondly, a majority of stations is deployed on hard rocks with no sedimentary cover, so that the site effects should not be dominant.
Moreover, the site effects should produce complex waveforms at 'problematic' stations consistently for all events from the same focal area. The same applies to the waveform complexity introduced
Detection of high-frequency tensile vibration 1407 by the scattering of waves at small-scale inhomogeneities in the crust. In this case, the complex waveforms should be observed uniformly for all events and for most stations in a given frequency range.
On the contrary, Figs 3(a) and (b) show that earthquakes from the same focal area can generate simple as well as complex waveforms at the same station. The figure shows focal mechanisms for two events calculated using the moment tensor inversion described in Vavryčuk (2011) , and the waveforms observed at stations KOC, POC, HOPD and KOPD. The waveforms of the first event are simple at stations POC and KOPD but complex at stations KOC and HOPD. The waveforms of the other event have exactly opposite properties: they are complex at stations POC and KOPD but simple at stations KOC and HOPD. This observation excludes the paths effects as a major origin of the waveform complexity.
Waveform complexity due to complex rupture history or source directivity
The observation of differently complex waveforms radiated in different ray directions from the source is inconsistent with the simple point dislocation source model with a common source-time function. This model should produce the same level of complexity of waveforms recorded at all stations. For simple/complex rupture histories, the waveforms should be uniformly simple/complex. The observation is inconsistent also with the model of a finite source with unilateral rupturing generating the directivity effect in the radiated waves. The directivity effect would explain the frequency shifts in waves radiated in different directions, but the waveforms should be similar, displaying the same level of complexity (Cipar 1979 , Lay & Wallace 1995 .
Waveform complexity due to complex shear-tensile motions
The positions of stations on the focal sphere in Fig. 3 indicate that the waveform complexity is dependent on the source mechanism. The stations with complex waveforms are in directions very close to nodal lines, while stations with simple waveforms are in directions far from the nodal lines. Hence, the waveform complexity observed at a station depends on the focal mechanism of the event. The peculiarities in the observed data might point to a 
Detection of high-frequency tensile vibration
If the shear and tensile radiation functions are different, the waveforms will vary with ray directions from the source.
Next, we shall invert the analysed events for the complex shear-tensile source-time functions and study the properties of the shear and tensile motions separately. Finally, we shall verify the inversion results using numerical modelling.
M O M E N T T E N S O R I N V E R S I O N F O R S H E A R -T E N S I L E S O U RC E -T I M E F U N C T I O N S
The shear and tensile source-time functions are calculated using the full moment tensor inversion from waveforms. In the inversion, we use the velocity records of the vertical component of direct P waves with duration of 0.25-0.75 s depending on the magnitude of the event. The Green functions are calculated for a vertically inhomogeneous velocity model using the ray method (Červený 2001) and incorporate effects of the Earth's surface. The moment tensor in- Figure 5 . Nodal lines (a) and P/T axes (b) of the focal mechanisms for the 12 analysed events. The P and T axes are denoted by red circles and blue plus signs, respectively. For the parameters of the focal mechanisms, see Table 1. version is performed in the frequency domain using the generalized linear inversion. The inversion involves two steps. First, the data are inverted in the frequency range of 1-8 Hz. The common sourcetime function is obtained by averaging the six normalized momenttime functions. The scale factors of the moment-time functions to the common source-time function form a time-independent seismic moment tensor in the low-frequency approximation. The retrieved seismic moment tensor is decomposed into the DC and non-DC parts (Vavryčuk 2001 (Vavryčuk , 2002 , and the DC part is used to calculate the fault coordinate system. Secondly, the six moment-time functions are calculated in the whole frequency range of 1-35 Hz. In general, they are mutually different functions of time. The averaging procedure for extracting a common source-time function is no longer applied. The moment-time functions are rotated into the fault coordinate system, to separate the moment-time functions responsible for shear and tensile faulting. The shear component is identified with the off-diagonal moment-time function, while the tensile component is calculated as the trace of the diagonal moment-time functions. Fig. 4 shows the results of the inversion of the M = 3.7 earthquake (Event 1 from Table 1 ). First, the figure demonstrates how well the synthetic waveforms fit the observed data. Secondly, it demonstrates how the waveform complexity depends on the station position on the focal sphere. Stations positioned near the P/T axes (stations VAC, LBC, NKC, KOC, TRC and ZHC) have rather simple and lowfrequency waveforms with a predominant pulse. The waveforms become more complex and more high frequency if the position of the station is close to the nodal lines (stations KAC, SKC, HRC, KVC and STC). As mentioned above, this is an indication that the source process cannot be described by one common source-time function. While a low-frequency source-time function is dominant in areas of maximum radiation of shear faulting, the high-frequency source-time function becomes visible in directions of suppressed shear radiation.
A N A LY S I S O F T H E S O U RC E -T I M E F U N C T I O N S
Figs 5 and 6 show the results of the moment tensor inversion of 12 selected earthquakes. Fig. 5 shows the low-frequency shear focal mechanisms (the first step in the moment tensor inversion). Fig. 6 shows the moment-time rate functions and their normalized amplitude spectra calculated in the whole frequency range (the second step in the moment tensor inversion). The figure indicates a different form and a different frequency content of the shear (black line) and tensile (red line) moment-time rate functions. The tensile functions have lower amplitudes and higher frequencies than the shear functions. The shear functions have predominantly frequencies less than 10 Hz. The predominant frequency governs the scaling law being dependent on the source dimension. The tensile functions display typically a narrow frequency band with frequencies around 20 Hz and with no apparent dependence on the source dimension.
Since the shear functions have higher amplitudes, the radiation of shear faulting is dominating. This concerns, in particular, the directions near the P and T axes, where the radiation of shear faulting is most intense. However, the dominance of shear faulting is lost in directions near the nodal lines. In these directions, tensile faulting becomes significant. Tensile faulting is associated with volume changes in the source producing a more 1410 V. Vavryčuk Table 1. homogeneous radiation over the whole focal sphere including the nodal lines of the shear focal mechanism. Obviously, a different character of shear and tensile source-time functions projects into the varying complexity of radiated waves with respect to the position of stations on the focal sphere. At stations near the P/T axes, the waveforms resemble more the shear source-time function. At stations near the nodal lines, the waveforms resemble the tensile source-time function. 
S H E A R FAU LT I N G W I T H T E N S I L E V I B R AT I O N S : N U M E R I C A L M O D E L L I N G
In this section, we try to support the obtained results using numerical modelling. We construct a synthetic shear-tensile source model similar to that retrieved from observations. The model is composed of low-frequency shear faulting and high-frequency tensile vibrations occurring on the same fault. We calculate a radiated wavefield and invert back for the moment-time functions. In this way, we check the robustness of the inversion scheme and the reliability of the results.
The velocity model, station configuration and event location are identical with those used for the inversion of Event 1 (see Fig. 4) . Similarly, the shear focal mechanism is identical with that obtained from the low-frequency inversion of Event 1 (see Tab. 1). According to the stress analysis by Vavryčuk (2011) , the fault plane is identified with the nodal plane with a strike of 163
• . The synthetic shear and tensile moment-time rate functions are shown in Fig. 7 and roughly mimic the retrieved moment-time rate functions in Fig. 6(a) . The radiated wavefield is calculated using the same Green's functions as used in the inversion. For simplicity, no noise and no errors in the location and velocity model are introduced in the inversion.
Figs 8(a) and (b) show a comparison of the inversion from real observations and from synthetic data. The upper plots show the focal mechanisms retrieved for the frequency range of 1-8 Hz. Both focal mechanisms are slightly non-DC probably due to the presence of the tensile vibrations not fully cut off in the low-frequency inversion. The non-DC components for real and synthetic data attain values of 15 per cent and 4 per cent, respectively. The lower plots show the moment-time rate functions in the time and frequency domains in the fault coordinate system retrieved for the frequency range of 1-35 Hz. The synthetic test reveals that the shear and tensile functions are well reproduced. Nevertheless, the synthetic shear function is not reproduced exactly being contaminated by high-frequency vibrations at later times, where no shear motion was assumed in the model (see Fig. 7a ).
Figs 9(a) and (b) show a comparison of the inversion from real observations and from synthetic data performed in the frequency range of 20-35 Hz, where only tensile vibrations should be present. The inversion is performed for the very beginning of the signal with duration of 0.25 s. Since the moment tensor inversion often becomes unstable for high frequencies, the results are less reliable than those of the previous inversions. Nevertheless, the synthetic inversion yields robust results even in this case. The retrieved focal mechanism has 99 per cent of the non-DC components and 1 per cent of the DC component indicating almost pure tensile faulting. Also the position of the T axis indicates the pure tensile mechanism, because the T axis matches the direction of the fault normal exactly (for the relation between the fault normal and the T axis for tensile earthquakes, see Vavryčuk 2001) . As regards the P axis, its position has no physical meaning for tensile motions. It reflects the orientation of the negligible DC component in the mechanism only. Since the DC component is produced by numerical errors in the inversion, the position of the P axis is unstable. As regards the observed data, the high-frequency inversion also shows significant non-DC components, but not as high as in the synthetic test. The percentage of the non-DC component is 49 per cent but this value is rather unstable. Similarly as for the synthetic data, the T axis is close to the fault normal. This indicates that the high-frequency motions are significantly tensile.
C O N C L U S I O N S
Based on the analysis of P waveforms of microearthquakes in West Bohemia we draw the following conclusions:
(1) The standard source model with a common source-time function might be too simplistic and only a rough approximation of the true source model. A more adequate model is the shear-tensile source model with different source-time functions for shear and tensile motions.
(2) The retrieved character of faulting depends on the frequency band of analysed waves. Earthquakes can display apparently simple shear focal mechanisms in the low-frequency band but complex shear-tensile mechanisms if high frequencies are analysed. The source complexity retrieved for high frequencies need not be spurious, being numerical errors of the inversion, but it can be of physical nature.
(3) The tensile vibrations of the fault complicate P waveforms. They are associated with volume changes in the source producing a more homogeneous radiation pattern over the whole focal sphere than shear faulting (see Fig. 10 ). Therefore, the tensile vibrations are visible, particularly, in directions near the nodal lines, where the dominance of the shear radiation is lost.
(4) The shear and tensile motions can have significantly different frequencies. Observations in West Bohemia indicate that the tensile source-time function is usually of a narrow frequency band and of higher frequencies than the shear source-time function (Fig. 11) . The tensile motions decay rather slowly with time.
(5) Since the tensile vibrations are of high frequency, they are more pronounced in records of acceleration and velocity rather than in records of displacement.
(6) The tensile vibrations might be generated by the opening of the fault during shear rupturing or by creating wing tensile cracks at the tip of the fault when shear rupturing stops (Fig. 12) .
(7) The final static displacement produced by tensile vibrations can be zero or negligible. The tensile vibrations do not necessarily cause permanent volume changes in the source such as a permanent extension (opening) or compression (closing) of the fault.
(8) The transient displacement produced by tensile vibrations is small being at least 15-20 times less than the maximum slip attained during shear faulting. For example, for an average shear slip of 10 cm along a fault, the average tensile displacement should be less than 0.5 cm on the same fault. If tensile vibrations are produced by a small fault segment only (e.g. wing cracks), the amplitudes of tensile vibrations should be proportionally higher. (9) A detailed study of the tensile source-time functions can provide new information on the physical processes in the source and on the properties of rocks on the fault.
Obviously, the general validity of the conclusions should be proved by studies in other tectonic environments. 
